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ABSTRACT 
Dew plagues crop producers in many facets of agriculture. Many studies have been done on 
the effects of dew in terms of pest infestation and disease development on crops. The presence 
of intercepted precipitation and dew has been found to decrease the microwave brightness 
temperature of corn at the plot-scale, which in turn affects soil moisture readings. Although 
the formation of dew is significant on amicro-scale, satellite remote sensing instruments such 
as the European Space Agency's Soil Moisture and Ocean Salinity (SMOS) mission aim to 
measure soil moisture on a meso or synoptic scale. The purpose of the dew collection portion 
of the Soil Moisture EXperiment in 2005 (SMEX05) was to manually measure dew so that this 
effect could be studied on measurements at the field scale made by remote sensing instruments 
on an aircraft . 
The use of physical models for atmosphere-land interactions can provide a great benefit 
to remote satellite measurements of soil moisture. Although direct measurements of dew are 
important, spatial coverage of manual measurements are minimal. Land-atmosphere transfer 
models, validated by manual measurements, must be used at the satellite scale. 
The purpose of this paper is to determine whether manual dew measurements obtained dur-
ing SMEX05 are accurately modeled by the Atmosphere-Land EXchange model, ALEX. Dew 
measurements were taken during SMEX05 from June 16 t0 July 3, 2005 in corn (Zea malts, L.), 
soybean (Glgcine max, L.), and alfalfa (Medicago sativa, L.) fields south of Ames, Iowa. Col-
lection usually began at approximately 5:45 Central Standard Time (CST) and concluded at 
approximately 8:00 CST each morning. 
My hypothesis was that dew amount and duration collected from SMEX05 are accurately 
predicted by the ALEX model. Accuracy for dew amount is defined as an amount within 0.05 
to 0.1 mm of manual measurements. Accuracy for dew duration is defined as 0.5 hours within 
X1 
automated observations from leaf wetness sensors deployed in various fields within the Walnut 
Creek Watershed. Predicted dew amount was accurate for light, moderate, and heavy dew 
events, while dew duration is predicted within 0.5 to 1 hours. 
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CHAPTER 1 INTRODUCTION 
Purpose and Hypothesis 
Dew duration and amount are a continuing concern in the world of agriculture. Although 
dew is vital to various ecosystems in grid climates (Zangvill, 1996; Jacobs et al., 1998), moisture 
on plant surfaces has considerable influence on disease development in many economically 
important crops (Chtioui et al., 1999). The amount Of time that moisture is present on plant 
leaves affects the expansion of lesions of many fungal pathogens (Huber and Gillespie, 1992) 
and in managing the casual agent Of gray mold (Shtienberg and Elad, 1997) and brown spot 
on pears (Llorente et al., 2000) . Dew duration also influences the scheduling of fungicide 
application of tomatoes (Pitblado (1988); Gillespie et al. (1993)) Knowing dew duration is 
essential for many growers, including corn and soybean producers in the Corn Belt to the 
citrus producer in Florida. 
The objective of this study was to compare dew measurements with a model of dew amount 
and duration on corn (Zea mays, L.) leaves. Manual measurements of dew were taken during 
the Soil Moisture EXperiment 2005 (SMEX05) in Ames, IA, from June 16t~ to July 3rd 
2005. Dew amount and duration were measured within several corn fields with the Walnut 
Creek Watershed. After micro-meteorological data were gathered from flux towers deployed 
at various fields in the SMEX05 domain, simulation was done using the Atmosphere-Land 
EXchange model (ALEX) . Three specific days were chosen from SMEX05 for simulation in 
ALEX. These days were chosen by manual measurements for amount and then categorized 
into "light" , "moderate" , and "heavy" dew days. 
Leaf wetness sensors were deployed at the flux sites and compared with ALEX simulations 
to determine ALEX's validity with dew amount (in mm) and duration (in percent hours wet) . 
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The hypothesis of this study is that ALEX will predict dew amount and dew duration accu-
rately. Accuracy for dew amount is defined as an amount within 0.05 to 0.1 mm of manual 
measurements. Accuracy for dew duration is defined as X0.5 hour of automated observations 
from leaf wetness sensors deployed in the measured fields. 
Dew Formation 
During the day, plants and animals are generally at thermal equilibrium. Many variables 
must balance in the plant and animal world so that the organism does not become too cold or 
too warm within its environment. Because of energy conservation (1st law of thermodynamics), 
we know that the energy balance will hold. Plants and animals have different mechanisms that 
allow them to maintain optimal temperature and moisture conditions in different environments. 
There are many forms of the energy balance equation, Gates (1980) presents the surface energy 
balance for a plant as: 
M+Qa=R+C-I-~E-I-G+X (1.1) 
where M is the rate at which metabolic energy is generated, Qa is the amount of radiation 
absorbed by the surface of the organism, R is the radiation emitted by the surface of the 
organism, C is the energy transferred by convection, aE is the energy exchanged by evaporation 
or condensation of moisture, G is the energy exchanged by conduction through direct physical 
contact of the organism with soil, water, or some substrate, and X is an organism storage 
term. This balance is visually seen in Figure l.l. 
Due to the magnitudes of the variables Qa , R, C, and ~E being an order or two greater 
than the other variables for plants, these are the components of Equation 1.1 that are most 
significant in dew formation. The amount of dew formation is determined by the energy budget 
equation (energy into the organism must equal energy out of the organism) as well as available 
moisture (atmospheric and soil) and can now be written as: 
Qa=R+C+~E (1.2) 
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Figure 1.1 Illustration of the surface energy balance with the notation from 
Gates (1980). 
Water on leaves can form as droplets, clustered droplets or discrete patches (Leclerc et al., 
1985) as well as homogeneous films (Shuttleworth, 1975), which depends on the type of leaf. 
For corn leaves, all of the aforementioned water patterns were observed. Droplets tended to be 
associated with heavier dew and the homogeneous film was associated with lighter dew. The 
rate at which dew dries depends on the shape in which the free water is distributed on the 
plants (Butler (1985); Huber and Itier (1990)). 
Moisture on leaves can form in three different processes: by distillation, dew-fall (Monteith, 
1957), and guttation (Garratt and Segal, 1988). Distillation is formation via vapor transport 
from the soil into the canopy. Dew-fall is caused by the turbulent transport of atmospheric 
moisture into the canopy. Guttation is the least understood of the dew mechanisms and 
accounts for the smallest amount of dew formation (Atzema et al., 1990). Guttation dew 
forms when water within a plant leaf passes out of the stomata. This mechanism is caused 
by water vapor following a concentration gradient, flowing from higher concentration within 
the leaf to lower concentration outside of the leaf. Atzema et al. (1990) found that guttation 
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was not significant within a maize canopy and will not be considered further. Noffsinger 
(1963) noted that in continental, mid-latitude areas, dew distillation probably makes the largest 
contribution to dew formation throughout the growing season. Jacobs et al. (2006) found that 
dew contributed about 4.5% of the mean annual precipitation in a grassland in the Netherlands. 
Newton and Riley (1964) noted that with calm air, moisture supply adjacent to the surface 
becomes depleted, and if this supply is not replenished, dew growth slows and evaporation 
begins. They also found that if wind speed is greater than a critical value, dew formation 
stops and evaporation alone occurs. However, Monteith (1957) and others have found that 
some wind is necessary for heavy dew deposition, suggesting that lighter dew forms when 
distillation is the driving component and heavier dew is driven by dew-fall. 
Many methods for dew collection have been used in a variety of plant canopies. There 
are many forms of drosometers (an instrument used to measure the amount of dew formed 
on a given surface) currently in use all over the world, the first of which is the Duvdevani 
dew gage (Duvdevani, 1947). The Duvdevani gage consists of a block of wood with its surface 
treated in such a way that dew will form in characteristic patterns. Photographs are supplied 
to those using the Duvdevani gage so that the observer can match the dew formation with 
a set of standards corresponding to a dew-fall from 0.01 to 0.45 mm. This gage was used 
by the National Weather Service to provide agrometeorology forecasts and observations. The 
disadvantage of this particular gage are that it requires manual observation and has a maximum 
dew amount reading of 0.45 mm. Wallin (1967) found that amounts of dew can be up to 
0.54 mm per night in some countries, thus exceeding the bounds of the Duvdevani dew gage. 
Similar methods of dew amount collection still in use are listed in Ninari and Berliner (2004). 
Microwave remote sensing of soil moisture is gaining momentum for agricultural and hydro-
logical applications. Such instrumentation as the Advanced Microwave Scanning Radiometer 
(AMSR), as well as the European Space Agency's Soil Moisture and Oceanic Salinity (SMOS) 
(Kerr et al., 2001) project, are currently underway to remotely sense soil moisture. Windsat is 
designed to measure ocean surface wind speed and direction from space using a polarimetric 
radiometer. Some secondary measurements include measuring sea surface temperature, rain 
rate, ice and snow characteristics, water vapor, and most importantly to SMEX05, soil mois-
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Lure. Although mainly used as a sea surface measuring satellite, the question was raised as 
to what happens when polarimetric measurements are made over vegetation, and SMEX05 
worked to begin to answer this question. SMEX05 was designed for the exploration of Wind-
sat unique information for soil moisture with supporting aircraft instrumentation and also the 
enhancement of ASMR soil moisture validation. 
Hornbuckle et al. (2006) found that when moisture is present on corn, soil brightness 
temperature decreased from 1 K for light dew up to 4 K for heavier amounts of intercepted 
precipitation and dew which in turn affects the soil moisture readings. Many of the current 
and future satellites will have overpass times early in the morning when dew or intercepted 
precipitation may be present and it is possible the same behavior can be exhibited as those 
found by Hornbuckle et al. (2006) . There are several things that need to be known such as 
more about the effect of free water on microwave soil brightness temperature, spatial extent 
of dew cover, and the rate of dew dry-off. Both dew amount and duration can be considered 
to be significant to the various soil moisture projects, and modeling dew amount and duration 
can aid in more accurate measurements of soil moisture. 
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CHAPTER 2 PRE-SMEX05 EXPERIMENTS 
Many facets of the experimental design needed to be evaluated before SMEX05 took place. 
Determining the dew collection procedure, estimating measurement error, and the amount of 
dew expected on different size leaves with varying amounts of moisture were all important 
features requiring evaluation prior to the dew collection portion of SMEX05. Each of these 
experiments is broken down in this section and the results are also presented. 
Practice Dew Collection and Dew Amount 
Hosta (Hosta spp.) leaves (similar size to soybean leaves with a similar texture to corn 
leaves) were sprayed with a spray bottle with varying amounts of water to simulate varying 
amounts of dew. Napkins used to collect the water were pre-massed and post-massed using 
a scale (Model PL202-S, Mettler-Toledo, Inc., Columbus, OH) with a precision of 0.01 g. To 
determine leaf area, approximate measurements were made using a ruler and calculated as a 
shape similar to an ellipse. 
Table 2.1 represents what is considered a light dew and illustrates the minimum amount of 
moisture expected during the field experiments. Most leaves in this trial gained approximately 
0.15 g of water. To find the water per leaf area, water gained was converted to units of kg, and 
the area of the leaf was converted to m2, with water (kg) divided by leaf area (m2) to yield a 
uniform thickness of water on the leaf in mm. 
The results obtained by spraying a leaf twice on both the top and bottom are illustrated 
in Table 2.2. With this information, it was concluded that a range of 0.1 to 0.6 g of water was 
going to be collected during SMEX05. The results obtained from trial one (Table 2.1) would 
be indicative of that found during a light dew (leaves with area of 37.97, 25.32, and 34.81 cm2, 
respectively) and a moderate dew (leaves with areas of 34.18, and 36.08 cm2, respectively). 
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Table 2.1 Amount of water collected from a leaf by manually spraying a 
leaf two times on the top side. These leaf areas are similar to 
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Mean 2.4643 2.6171 0.1529 0.0322 
Std. Dev. 0.0079 0.0535 0.0496 0.0047 
Max 2.48 2.71 0.23 0.0395 
Min 2.46 2.56 0.10 0.0251 
Table 2.2 Amount of water collected by spraying one leaf two times on 
both the top and bottom. Amount in kg m-2 is the equivalent 
amount in millimeters. 
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(cm2
Pre-Mass Post-Mass Water Water per Leaf Area 
































Mean 2.4883 2.7767 0.2367 0.085 
Std. Dev. 0.024 0.1713 0.1833 0.0438 
Max 2.51 3.08 0.57 0.1667 
Min 2.46 2.61 0.03 0.0395 
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Natural Wetting in Moist Environments 
Precise measurements of dew amount can be difficult. Napkins and/or paper towels that 
are massed in a relatively dry environment have the ability to gain moisture simply by being 
exposed to a moist environment. This fact created a problem that needed to be solved before 
SMEX05 measurements of dew could take place. 
My hypothesis for this experiment was that by exposing a napkin or paper towel to a moist 
environment, an increase in mass would take place. I wanted to prove that by pre-massing a 
napkin or paper towel in a dry environment, then exposing it to a moist environment, changes 
in the mass of the material would take place. Furthermore, I wanted to determine whether the 
change in the mass of the napkin or paper towel may be significant when dew collection would 
take place during SMEX05. Also, I wanted t0 be able t0 quantify the amount of moisture. 
Paper napkins from the Iowa State Memorial Union (Hoffmaster napkins, Solo Cup Co., 
Highland Park, IL) were massed in a lab under normal conditions. Two experiments were then 
performed on these napkins to determine what the effects of a moist environment would have 
on these pre-massed napkins. One experiment involved placing napkins inside of a bathroom. 
The placement of these napkins was such that over—splash from either the shower or the sink 
could not take place, thus not contaminating the experiment. The second experiment involved 
boiling water in a bowl and placing the napkins over the vapor being released by the boiling 
water. 
I determined that when a paper towel or another absorbent cloth is placed in a humid 
environment, it will absorb a small amount of moisture, thus changing the mass Of the paper 
towel according t0 the data in Table 2.3. Because of this finding, doing a "control" bag or two 
in the field was needed to recognize the possible error in the measurement of dew in the field. 
To do the control bag, I simply took one of the pre-massed bags with a paper towel in it and 
waved it within the canopy for approximately 10 seconds. The object of this was to have the 
control bag outside of the plastic bag for approximately the same amount of time that a bag 
used to measure dew would be outside of its bag. 
Figure 2.1 is a graph of how paper towels change mass from their "dry" mass before they are 
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Table 2.3 Mass of napkins before and after exposure to moist air. The 
original mass of a napkin is listed in the first column. The nap-
kins were then left in a bathroom, away from the sink and the 
shower, for 7 hours and then massed again. They were then set 
outside for 6 hours and massed again. 
Original Mass After 7 Hours Mass After Outside 
































Mean 2.491 2.508 2.496 
Std. Dev. 0.0088 0.0063 0.0052 
Max 2.51 2.52 2.5 
Min 2.48 2.5 2.49 
exposed to large amounts of water vapor. To expose the paper towel to large amounts of water 
vapor, the paper towels were placed over boiling water for 10 seconds and then re-massed. 
According to the data presented in Figure 2.1, there may be errors when attempting to 
determine how much water a paper towel has absorbed from a leaf. Depending on the amount 
of dew present in the field when measuring is taking place, the shift observed in Figure 2.1 
may be significant. A 0.01 g addition of moisture is more significant for lighter dew where 
measurements are approximately 0.1 g for most corn leaves. Contrasting light dew with heavy 
dew, a 0.01g error in moisture collection would not be considered a significant error in the final 
dew calculation. 
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Mass of Blank Napkins at Room Temp 
15 
2.48 2.49 2.5 2.51 2.52 2.53 2.54 2.55 2.56 
Mass (g) 
Mass of Blank Napkins After Placed Over Boiling Water 
0 
2.48 2.49 2.5 2.51 2.52 2.53 
Mass (g) 
,,v,.. ~~-~:~. :N~«..~Ca. : 
2.54 2.55 2.56 
Figure 2.1 Histogram Of mass of napkins before and after being placed over 
boiling water. 
Leaf Area Meter vs. Leaf Scanning 
I found that calculating area from a digital image of the leaf was more accurate than using 
a leaf area meter (LI-COR 3100C Leaf Area Meter, LI-COR Biosciences, Lincoln, NE)1. The 
decision was based on several factors. First, the leaf area meter underestimated leaf area. In a 
test where two objects of known area were put through the leaf area meter, the variability in 
the measurements raised questions as to the accuracy and precision to which leaf area could 
be measured. 
When these same objects were scanned into the computer, the calculated area was more 
accurate and more precise. The second reason for using the scanning method was so the images 
could be saved for future use. By using the scanning method, it would be much easier to insert 
1 Reference herein to any specific commercial product, process, or service by trade name, trademark, man-
ufacturer or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring 
by myself, Department of .Agronomy, or Iowa State University and shall not be used for advertising or product 
endorsement purposes. 
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10 cm2 Disk Measured by Leaf Area Meter 
Figure 2.2 Histogram of 10 cm2 disk. 
pictures into publications or reanalyze the leaves at a later date. The scanning method may 
be more time consuming than the leaf area meter. However, the accuracy and precision of the 
scanning method were the deciding factors in using the scanner rather than the area meter. 
Figures 2.2 and 2.3 illustrate the variability of the leaf area meter and its underestimate 
of leaf area. Table 2.4 shows how the average for the leaf area meter and the scanned image 
compare to the actual sizes of the two measured disks. It was thought that overestimating leaf 
area would be better than underestimating. The reason for this is that by underestimating leaf 
area, dew amounts would be greater than when area is overestimated. Also, less variability 
in measurements taken by the scanner was the determining factor in using the scanner rather 
than the leaf area meter. Because of the sharp edge of the two disks, each scan with the 
scanner will yield consistent values, as where the leaf area meter was much more variable. 
Table 2.4 Comparison of the leaf area meter to the scanning method.



















0   ~ - ~ 
48.8 48.85 48.9 48.95 49 49.05 
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Figure 2.3 Histogram of 50 cm2 disk. 
49.2 
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CHAPTER 3 SMEX05 MEASUREMENTS 
The Walnut Creek Watershed sampling area from SMEX05 is shown in Figure 3.1. The 
purpose of SMEX05 was the: 
• Exploration of Windsat-unique information for soil moisture with supporting aircraft 
instrumentation. 
• Enhancement of AMSR soil moisture validation. 
It is the hope that data from SMEX05 will provide validation and develop algorithms for use 
in current research projects such as the Advanced Microwave Scanning Radiometer (AMSR) as 
well as the SMOS (Kerr et al., 2001) mission. Remote sensing of soil brightness to determine 
soil moisture is a top priority of many researchers for several years (e.g. Eagleman and Lin 
(1976) to Jackson et al. (1982) to more recent work by Hornbuckle and England (2004)). Soil 
moisture is determined from the remote measurement of the microwave brightness temperature 
of the land surface. Figure 3.2 is an example of brightness temperature being converted into 
soil moisture. For SMEX05, the latest remote sensing instrumentation to explore the two 
above objectives was attached to the fuselage of a Navy P3 submarine hunter (Figure 3.3). 
The purpose of making dew measurements during SMEX05 is that past work has been 
done to study the effect of dew on radiometric measurements at L-band frequencies (Horn-
buckle et al., 2006). L-band frequencies are the range of electromagnetic waves from 1.12 to 
1.70 GHz. Also in Hornbuckle et al. (2006), canopy brightness temperatures were found to 
decrease by approximately 1 K for a light dew of 0.01 mm and decrease 2 to 4 K for more 
considerable amounts of dew and intercepted precipitation. Working with Dr. Michael Cosh 
of the Hydrology and Remote Sensing Laboratory, a division of the United States Department 
of Agriculture-Agricultural Research Service, served a dual purpose for both of our research 
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Figure 3.1 Actual map used during SMEX05. The circled fields represent 







interests. His interests include determining the effects dew has on satellite measurements as 
well as the measurements taken by the radiometer attached to the Navy P3, while mine include 
a validation of the ALEX model. 
Pre-Dew Measurements 
Before going out into the field to take dew measurements, several plastic sandwich bags 
(Ziploc Snack Bags, S.C. Johnson Son, Inc., Racine, WI) with a paper towel (Scott Towels, 
Kimberly-Clark Corp., Neenah, WI) inside needed to be put together. A small sandwich bag 
was taken out and one section of a paper towel was folded and placed into the sandwich bag. It 
was found better to have non-recycled paper towels due to the fact that anon-recycled paper 
towel has a better absorbency than a recycled paper towel. The bags were then numbered 
sequentially and its dry mass determined. The mass of the bag-paper towel combination either 
written down on a piece of paper or entered into a spread sheet. The bags were then placed 
into a plastic storage container in sequential order. 
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Figure 3.2 Example of soil temperature readings and conversion to soil 
moisture. (Courtesy of Thomas Jackson, USDA-ARS) 
Measuring Dew in the Field 
When making measurements in the field, a similar approach for each type of vegetation 
was used. Within each field, regardless of vegetation type, three sites within each field were 
sampled. At each of these sites, such variables as leaf area index (LAI), number of leaves 
per plant (or number of tripholiates per plant on soybeans), plants per area, measurements 
of moisture at one-third and two-thirds of canopy height, as well as labeling conventions were 
all practiced in the same manner. One- and two-thirds of canopy height were determined 
by measuring canopy height each day dew measurements were made. All of the variables 
consistently recorded at each field are displayed in Appendix B (Table B .1) . Since corn is 
the vegetation being studied in this paper, the measurement of dew in a corn field is further 
described in detail. LAI was estimated using the LI-COR LAI-2000 Plant Canopy Analyzer. 
Measurements of LAI were taken at one-third and two-thirds of canopy height with these 
numbers being averaged to yield LAI as a uniform canopy. Figures D .1 and D .2 show corn 
height and LAI for fields WC10 and WC52 over the duration of SMEX05 and are located in 
Appendix D. 
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Figure 3.3 Navy P3 submarine hunter with radiometer used in SMEX05 
attached to the fuselage. 
Corn 
Collecting dew from a corn leaf is challenging. The object is to collect all of the dew from 
the leaf without allowing runoff. In order to get a profile of the amount of dew covering the 
canopy, the dew from one leaf from one-third of canopy height and two leaves from two-thirds 
of canopy height was collected. The maximum amount of dew is formed in the upper two-
thirds of the corn canopy (Jacobs et al. (1990) and Jacobs and Nieveen (1995)) as is shown in 
Figures 3.4 and 3.5. Work from Jacobs (Jacobs et al. (1990, 1994); Jacobs and Nieveen (1995)) 
suggests that minimum amounts of dew accumulation take place at one-third canopy height 
and maximum amounts of dew accumulation take place at two-third canopy height. Because 
of this work done, I wanted to measure dew onset and dry-off in the "driest" and "wettest" 
portions of the canopy and is illustrated in Figures 3.4 and 3.5. Corn height ranged from 0.6 
to 1.5 m during the experiment in Jacobs et al. (1990) and 1.5 to 2.4 m in Jacobs and Nieveen 
(1995). 
Before collecting the dew, rubber examination gloves (those found in a hospital or doctors 
office) were worn on my hands so as not to transfer any oil or vapor from my hands onto the 
paper towels. Two control bags were then taken out and used to estimate the measurement 














Figure 3.4 Figure from Jacobs et al. (1990) illustrating the distribution of 
dew within a maize canopy over seven experimental days. 
ten seconds and then placed back in the proper bag. The procedure for collecting dew required 
three paper towels for one corn leaf. The first paper towel was used at the collar of the leaf 
(where the leaf and stem connect), the second was used to wipe the top of the leaf, and the 
third used to wipe the bottom portion of the leaf. I first took out the second and third paper 
towel and were sure not to mix them up. If large drops were present on the leaf, it was wise to 
try to absorb these drops before proceeding. Next I placed the bottom paper towel and the top 
paper towel on the leaf near the stem and wiped the leaf from the stem to the tip. Figure 3.6 is 
a picture of Dr. Michael Cosh and me collecting dew in this manner. I repeated this step until 
all observable moisture on the leaf had been absorbed. The paper towels were then placed 
back into their respective bags and placed into another storage container or a backpack. The 
last step was to place the first paper towel into the node of the plant so as to collect any water 
that had accumulated. 
For leaves near the ground, I found that simply placing the paper towel in the node was 
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Figure 3.5 Figure from Jacobs and Nieveen (1995) illustrating the distribu-
tion of dew within a maize canopy over six experimental days. 
sufficient. Once the corn plant began to grow, retrieving water from the node was difficult. I 
did this by twisting the paper towel into the shape of a pencil and was then stuck down gently 
into the collar until a snap was heard. The leaf was then detached from the stem and excess 
moisture was wiped with the designated paper towel. After this, I placed the paper towel back 
into the plastic bag andl placed into the other storage container. The leaf was then placed it 
into a small brown paper bag with the site of collection (WC 10, etc.) , the location within the 
field (A, B, or C), and the paper towels used to collect the dew from the leaf (Bag 1-3, 4-6, 
etc.) recorded on the brown bag. 
In addition to the error of simply taking the paper towel from its bag, there were three 
other errors that could have possibly altered the results and should be considered. After 
wiping the leaves of dew, it was observed that dirt had also accumulated on the paper towel. 
It's quite possible that the addition of dust present on the leaves would contribute to the 
total mass of dew collected. The significance of this error is not known due to lack of direct 
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Figure 3.6 Dew collection on corn leaves. Dr. Cosh is wiping the leaves of 
their moisture while Erik Kabela holds other leaves back. 
measurement. Another issue faced was the possibility that water vapor could diffuse from 
inside of the plastic bag to the atmosphere, or vice versa. Although the plastic bags are sealed, 
the material from which they are made are not necessarily air tight. This error can be very 
small but is another aspect to consider when looking at the manual amount of dew collected. 
Lastly, the error of temperature change to the plastic bag could be a factor. By the ideal gas 
law, if temperature changes within the system, volume and pressure will change. Assuming 
that volume is constant, only pressure will be affected by a change in temperature. Also, as 
temperature increases, a portion of liquid water will transform to water vapor and will register 
a mass reduction on tlhe scale. 
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Figure 3.7 Portable lab set-up for the dew portion of SMEX05. Shown are 
the scale, computer, and scanner used for analysis. 
Post-Dew Measurements 
Upon returning to the laboratory, the first step was to separate the plastic bags containing 
the paper towels from the brown bags containing the leaves. The plastic bags needed to 
be massed again to determine the amount of moisture that was collected from the leaves. 
Figure 3.7 shows the scale used to mass the bags, as well as the computer and scanner used 
for analysis. 
When the values were entered into a spreadsheet, it was wise to put one leaf per line. The 
reason for doing this was to ensure that each leaf's measurements were kept separate, as well 
as making it easier to perform calculations on each leaf. Table B.1 is an example of the data 
that should be recorded. The area of each leaf was measured (Figure 3.8) by optical scanning 
(Appendix A). 
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Figure 3.8 Portable lab set-up for the dew portion of SMEX05. Shown is 




Leaf wetness sensors from Campbell Scientific, Inc. were deployed at each of the flux sites 
and rain gage sites identified in Figure 3.1. These wetness sensors have been used in numerous 
experiments (Gillespie and Kidd (1978); Lau et al. (2000); Sentelhas et al. (2004b,a)) as well 
as regional dew networks (Getz, 1978) . Each sensor is a circuit board with interlacing gold-
plated fingers. Condensation on the sensor influences the electric conductance between the 
fingers, which is measured by the datalogger. Droplets must touch two fingers simultaneously 
to change untreated sensor resistance. For this reason, this type of sensor is often coated with 
flat latex paint to form a wettable surface (Gillespie and Kidd (1978); Campbell Scientific 
(2005)) . Earlier versions of this same type of sensor were designed by Davis and Hughes in 
1970, coated with flat black paint and several coats of gray latex paint (Davis and Hughes, 
1970) . Lau et al. (2000) and Sentelhas et al. (2004b) determined that coating the sensors with 
two or three coats of an off-white latex paint approximated the emissivity of leaves much better 
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than the paint used by Davis and Hughes. Also, Lau et al. (2000) found that pointing the leaf 
wetness sensors due north provided the best results. 
The location of wetness sensors in the canopy at one of the flux sites is shown in Figure 3.9. 
These sensors were set to one-third and two-thirds of canopy height. Maintenance to these 
sensors was done each time I went to the fields. Maintenance included clearing sensors of 
leaves and re-adjusting to ensure sensors were at one-third and two-thirds of canopy height 
as the canopy grew. The wetness sensors were sampled every five minutes and output every 
15-minutes. The resistances measured by the sensors were then converted to reflect the percent 
of the 15 minute time period in which resistance was low (moisture present on the sensors). 
Figure 3.9 Leaf wetness sensors from Campbell Scientific, Inc. deployed in 
a corn canopy during SMEX05. 
The other portion of micro-meteorological data that needed to be collected came from flux 
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towers deployed by the USDA-ARS National Soil Tilth Laboratory in Ames, IA. These sites 
were maintained and data downloaded on a regular basis by Tim Hart and Forrest Goodmann. 
From these flux sites, data displayed in Table 4.1 were used in the ALEX model, which will 
be explained in the later portion of this paper. An example of one of these flux sites can be 
observed in Figure 3.10. Sampling of dew took place only where flux towers were present so 
that easy simulation of SMEX05 dew measurements could be made. 
Figure 3.10 Flux tower deployed in a field during SMEX05. Data from 
the flux towers were used as input into the ALEX model to 
perform a simulation of SMEX05 measurements.. 
Instrumentation 
Wind speed was measured either by the CSAT3-D Sonic Anemometer or Wind Sentry 
Anemometer and Vane (R.M. Young, Traverse City, MI). Shown in Figure 3.10 (middle of the 
tower, hanging to the left) is the 3-D sonic anemometer with a speed accuracy of X0.004 m s-1 . 
The wind sentry model (not pictured) is accurate to within 0.5 m s-1 . The main flux tower 
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at each site were equipped with the 3-D sonic anemometer. Air .temperature was measured by 
the temperature and relative humidity probe (HMP45C, Vaisala Inc., Helsinki, Finland). The 
accuracy of the probe varies depending on the air temperature; however, the accuracy window 
for the temperatures recorded during SMEX05 gives an error of X0.3°C. 
Terrestrial radiation was measured by the 4-way net radiometer (Kipp and Zonen CNRl, 
The Netherlands) . The net radiometer measures the energy balance between incoming short-
wave and long-wave infrared radiation relative to surface reflected short-wave and outgoing 
long-wave infrared radiation and is accurate to within 3°~0. Solar radiation was measured 
using the LI-COR LI200X Silicon Pyranometer with an accuracy of 3°~0. Atmospheric water 
vapor pressure and CO2 concentration were measured by the LI-COR LI7500 Open Path 
CO2/H20 Analyzer, which is behind the CSAT in Figure 3.10. Both atmospheric pressure 
and density are needed to find vapor pressure. This calculation will be done later. Lastly, 
precipitation measurements were made by a tipping bucket rain gage (TE525 Tipping Bucket, 
Texas Electronics, Dallas, TX) . Accuracy of the tipping bucket is to within ~ 1 °~o for lighter 
precipitation to ~5°~o for heavy precipitation. Volumetric soil moisture was measured using 
Type A Hydra Probes (Vitel, Inc., Chantilly, VA) which were placed approximately 0.0075 m 
into the ground at each of the flux sites. 
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CHAPTER 4 ANALYSIS 
Upon completion of field measurements, scanning of leaves, weighing of paper towels, ac-
quiring flux site data, and running ALEX, data analysis and graphs were created in MATLAB 
(version 7.0, The MathWorks, Inc., Natick, MA). Data from three days were chosen to look 
at characteristics of light (0.01 to 0.07 mm), moderate (0.08 to 0.2 mm), and heavy (0.21 mm 
and up) dew amounts. These classes were chosen so that each level of dew intensity could 
have a relatively equal number of events. Each kind of day exhibited characteristics of relative 
humidity, wind speed, available soil moisture, leaf wetness duration, and dew amount that 
enabled me to determine what constituted a light, moderate or heavy dew day. Relative hu-
midity and air temperature are measured 2.5 m above ground, while wind speed was measured 
3.5 m above ground. 
ALEX Model Explained 
The ALEX model was created to model exchanges of heat, water vapor, carbon dioxide, 
and momentum between the land surface and atmosphere (Anderson et al., 2000) . ALEX takes 
into account the surface energy balance and computes several fluxes based on resistances of the 
leaves and canopy (Figure 4.1) . The latent heat flux is the flux studied the most in this paper, 
and its conceptual model is illustrated in Figure 4.1. ALEX is unique because of its use of 
light-use eff~'iciency, which brings out the constant nature of transpiration and photosynthesis 
processes taking place at the canopy stand level (Anderson et al., 2003) . 
A second-order analytical expression is used to calculate sensible and ground heat flux, 
latent heat flux, and carbon assimilation. From Anderson et al. (2000), the following equations 
are used to compute the modeled latent heat flux. Units of latent heat flux are W m-2. 
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LE is the latent heat flux (W m-2), p is the density of air (kg m-3), Cp is the heat capacity 
of air at constant pressure (J kg-1 K-1), e is vapor pressure (kPa), ~p is the psychometric 
constant (kPa K-1), R is the transport resistance (s m-1), and T is temperature (K). Subscripts 
'a', 'ac', and 'x' represent properties of the air above and within the canopy, and within the 
leaf boundary-layer, respectively, while 's', 'c', and 'b' refer to fluxes and states associated with 
the soil, canopy, and canopy boundary-layer. Equation 4.5 represents the canopy evaporation 
flux (LECe) and comes from the fraction of total leaf area that is covered by liquid water (fwet) . 
Lastly, Equation 4.6 is the canopy transpiration (LE~t ) and is a function of canopy temperature 
and vapor pressure. 
Equations 4.1 to 4.6 mathematically describe the conceptual model in Figure 4.1. From the 
soil, there are various resistances that slow the evaporation of water moving from the bottom 
layer of the soil to the top. 8d represents the volumetric soil moisture at the lowest layer of the 
soil and os represents the volumetric soil moisture at the top layer of the soil. There is then a 
resistance from the soil (Rsoil) into the canopy. There is also a resistance of vapor (e~) from 
inside of the leaf to the boundary-layer of the leaf (R~) and then a resistance of vapor (eb) 
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from the leaf boundary-layer to the canopy (Rb) . The vapor that makes it through the series 
of resistances is the latent heat flux from the canopy (LEA) . This vapor then joins the vapor 
from the soil (es) and is represented as ear. Lastly, this vapor moves through an atmospheric 
resistance (Ra) to then contribute to the atmospheric vapor (ea) . The total latent heat flux 
from the soil and the plant canopy are combined to yield a total latent heat flux (LE) . 
ALEX estimates dew within the crop canopy by comparing the air temperature and the 
vapor pressure obtained outside of the canopy to the temperature and vapor pressure within 
the canopy, on the leaf, and at the soil surface using the energy balance as well as turbulent 
exchange properties. Free water can accumulate on the surfaces of leaves through irrigation 
practices, rainfall, or by condensation when the leaf temperature of a crop falls below the 
dew point inside the canopy (Anderson et al., 2001). In order to compute accurate amounts 
of water vapor, carbon dioxide, and heat within the canopy, ALEX uses Richard's Equation 
(Richards, 1931) to compute soil moisture profile changes over time, taking into account root 
uptake, drainage, and soil evaporation. ALEX considers distillation in the accumulation of 
dew in the crop canopy, thus knowledge of site specific soil variables are key in modeling dew 
with ALEX. 
Data for ALEX 
As is illustrated in Table 4.1, ALEX runs on fewer inputs than other atmosphere-land 
exchange models such as Cupid (Norman, 1979), is integrated for use in multiple crop canopies, 
and is not restricted to a certain set of environmental conditions. In addition to the data in 
Table 4.1, soil properties (Table 4.2) and crop properties also needed to be entered. Many of 
the soil properties were adopted from Anderson et al. (2000), while others were obtained from 
Campbell and Norman (1998). Within the input for ALEX, changing of the variable ITYPE 
will signal the kind of canopy being modeled. Several submodels depend on constants that 




l7a.v.,,w".", .. v'Y+~:aca'r."r-tip _ , r~u~ec`<~:-~':;';~iST1,.l'iT.S~::.: !.:9CpCdS~.`:'_':"Yi'•'~fX7, 
Figure 4.1 Resistance diagram of the latent heat flux as computed by the 
ALEX model from Anderson et al. (2000). 
Modeling Dew With ALEX 
Several parameters for model runs in ALEX were untuned from Anderson et al. (2001) and 
Hornbuckle et al. (2006) . The only variables that were changed where those that required site 
specific data. Soil properties from the Brooks Farm (WC 10 and WC 11) were used in each of 
the model runs for ALEX. WC10 is a Webster clay loam soil with a 0-2°~o slope, which contains 
45°~o sand (of which 75°~o is quartz), 23°~o silt, and 32°~o clay. Table 4.2 gives the hydraulic 
properties of a clay loam soil. ZLSOIL is the soil maximum depth, BD is bulk density, PE is 
air entry potential in a layer, BX is the exponent in the soil moisture release curve for a soil 
layer, DAK is the saturated conductivity for a soil layer, PINTMXLF is the maximum amount 
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Table 4.1 Data to be obtained from flux sites 
Variable Units Needed for ALEX 
Year 
Day of Year 
Hour Standard Time (decimal) 
Wind Speed m s-1
Air Temperature °C 
Vapor Pressure millibar 
Incoming Short Wave Radiation W m-2
Incoming Long Wave Radiation W m-2
Precipitation mm 
Runon mm timestep-1
Atmospheric Pressure millibar 
Of water allowed t0 form On the leaf, and ISOILW is the initial volumetric soil water content 
at the surface. Volumetric soil moisture is then interpolated from the surface down to the last 
physical layer of the soil. 
Table 4.2 Variables used in ALEX 
Variable Value Units 
ZLSOIL 1.5 meters 
BD 1.3 Mg m-3
PE -2.6 J kg-1
BX 5.2 no units 
DAK 0.000064 kg s m-3 
PINTMXLF 0.15 kg m2
ISOILW 0.30 m3 m-3 
Each of the variables from Table 4.1 was obtained directly from flux site measurements 
except for vapor pressure, which needed to be calculated from other variables obtained from 
the flux sites. The three steps to obtain vapor pressure using air density, air temperature, and 
virtual air temperature are shown by: 
pa = 3.486 ~P~Tv ~ (4.7) 
where pa is atmospheric density (kg m-3), P is atmospheric pressure (kPa), and T„ is virtual 
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air temperature (K). Virtual air temperature is then found by: 
Tv = TK ((1 — 0.378 ea~P~-l ~ ~4.8~ 
where ea is the vapor pressure (kPa) and TK is air temperature. (K). Rearranging equation 4.8, 
the equation for vapor pressure is given by: 
ea = 2.6455 P (1 — (TK ~Tv)) (4.9) 
This particular way to find vapor pressure is from Allen et al. (1994). 
Once the ALEX model was run and an output yielded, MATLAB was used to calculate the 
amount of dew formed within the canopy. The latent heat flux of the canopy was the variable 
used in the calculation of dew. Condensation occurs within the canopy when the latent heat 
flux is of a negative value. In this case, the expression in MATLAB to form dew when the 
latent heat flux is less than zero is expressed as: 
dew = 
—1 * lec * M * 900 
(4.10) 
lambda 
where lec is the latent heat flux from the canopy in each timestep, M is the molar mass of water 
(0.018) in kilograms, 900 represents the number of time steps in seconds (60*15), and lambda 
is the latent heat of vaporization (44000) in joules. The equation is multiplied by negative 
one 'because a negative latent heat flux implies a downward flux of latent heat towards the 
ground (condensation) where a positive latent heat fl~ is directed from the soil or canopy 
to the atmosphere (evaporation). While latent heat flux is negative, dew will continue to be 
added to the system. The energy balance and turbulent transport models mentioned above 
are used to not only accumulate dew inside of the canopy but to dry it off as well. 
Dew Amount: Area Calculation vs. LAI Based Calculation 
Dew amount for the manual measurements was calculated for this experiment by finding 
wetness per unit area assuming moisture was distributed evenly throughout the canopy. mom 
earlier sections, it was determined that moisture is not distributed evenly throughout a corn 
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canopy. However, in order to compare dew amounts from SMEX05 to those from such sources 
as Garratt and Segal (1988), dew amount as a uniform thickness needed to be computed. 
Presented here is the way in which dew was calculated for SMEX05 and an alternative way to 
calculate dew using the leaf area index (LAI) . Both methods yield similar values for dew for 
each dew day, however, LAI calculated dew is usually lower than the area based calculation. 






































Figure 4.2 Area-based calculation vs. LAI-based calculation. Top graph 
represents the light dew day, middle graph represents the mod-
erate dew day, and the bottom graph represent the heavy dew 
day. Time is in Central Standard Time for the given dew period. 
When calculating wetness per square meter using the area-based calculation, such elements 
from Table B.l as total wetness, leaf count, number of in-row plants within a length of 36", 
and row spacing are all needed. First, as described earlier, we found the total wetness of a 
leaf (top, bottom, and node water mass) in kg. In order to find the total wetness per plant, 
total wetness was multiplied by the leaf count. To get the leaf count, various plants within 
the dew sampling area were averaged together to find the average leaf count. Row density 
was determined as the number of in-row plants within a length of 36" divided by 36" to yield 
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plants per inch. The number of plants per inch was then divided by the row spacing (30" 
rows) to yield the number of plants per square inch. To get the units to square meters, plants 
per square inch were multiplied by 1550 (conversion from in2 to m2). The final step involved 
multiplying total wetness per plant by the number of plants per square meter to yield wetness 
per square meter and can be seen in both Table B.1 and Equation 4.11 (kg m2 = mm of water). 
row density * ~  1  ~ * (39.372) * (total leaf water) * (number of leaves) dewarea = 36 row spacing 
(4.11) 
There were a couple of assumptions made in this calculation (Figure 4.2) . I first assumed 
that one-third of the plant leaves in the canopy were similar to the lowest leaf which we sampled 
and that two-thirds of the leaves in the canopy were similar to the top two of leaves I sampled. 
The other assumption was that I could directly average the three leaves together to yield the 
overall average wetness per plant. 
The LAI-based calculation yielded similar amounts of dew to those obtained by the area-
based calculation. The LAI-2000 takes into account only one side of the leaf when finding LAI. 
In the calculation to find wetness using the LAI, both sides of the leaf are needed; thus the 
LAI found in field measurements is multiplied by 2 to yield a true leaf surface area that could 
be covered by dew. To find the total mass of water per ground area, each leaf's total water 
mass was divided by its area and multiplied by the LAI found for that area being sampled 
(Equation 4.12). Once again, the three leaves were averaged together assuming that one-third 
of the leaves were similar to the lower leaf and two-thirds of the leaves were similar to the 
upper leaves. Another assumption made was that the water collected in the node originally 
came from the top of the leaf. Without this assumption, dew amounts were further reduced. 
dewLAI = 2 * LAI * ~ 
total leaf water 
total leaf area 
(4.12) 
The values shown in Figure 4.2 are displayed numerically in Table 4.3. These two dew 
amount methods yield similar results. Although it is difficult to determine which method is 
correct, the LAI-based calculation can be done quickly and efficiently in many different crop 
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canopies. The area-based calculation takes more time and accuracy to take measurements 
of row density, row spacing, and the number of leaves on the plants in the area. It is my 
recommendation that those whom do future work in dew amount research to use the LAI-
based calculation method. 
Table 4.3 Values of dew amount for area-based and LAI-based calculations.






















As stated earlier, the entire experiment was broken into light, moderate, and heavy dew 
periods. Characteristics of each day as well as the performance of the ALEX model compared to 
both manual amount measurements and leaf wetness sensor measurements are now presented. 
It should be noted that for each of the manual dew amount measurements, error bars are 
also graphed. As described in the section on pre-SMEX experiments, errors can be expected 
with the amount dew that is collected. However, unlike my experiments where moisture was 
added to the paper towels, SMEX05 control bags consistently lost mass. This could have 
been caused by wind drying out the paper towel after being taken out of the bag or a case 
where vapor dif.~used out of the plastic bag as described above. The error bars in each case 
illustrate the error involved and what the dew measurements would have been had mass not 
changed. Modeled dew amount and duration were then compared to the area-based manual 
measurements. 
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Figure 4.3 Dew characteristics from Day 174 (June 23). Represented are 
wind speed (m/s), leaf wetness duration (percent of hour wet), 
relative humidity (percent), and volumetric soil moisture. Leaf 
wetness duration is determined from the four leaf sensors on the 
east top (et~, east bottom (eb), west top (wt~, and west bottom 
(wb). 
When making an accurate dew forecast for any agricultural area, two key components to 
consider are available soil moisture and atmospheric moisture. These variables are influenced 
by a couple of factors. Number one is how long since the last rainfall was recorded and how 
much was recorded in that period, and second is the magnitude of moisture advection. I chose 
to model this particular light dew day for one reason. It had been several days since significant 
measurable rainfall was recorded; thus available soil moisture for dew formation was low. The 
particular light dew period chosen was Day 173-174 (June 22-June 23). A table is available in 
Appendix E (Table E) to convert from day of year values to a calendar day. 
Figure 4.3 is an illustration of the parameters observed in determining what constituted a 
light dew day. Among the characteristics of alight dew day, wind speed was less than 2.5 m s-1 
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while dew was present, volumetric soil moisture is less than moderate and heavy dew days, and 
leaf wetness duration is approximately 2.5 hours according to deployed leaf wetness sensors. 
The most interesting finding from the characteristic analysis was that at no time while dew 
was present did the relative humidity exceed 95°~o at 2.5 m above the surface. 
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Figure 4.4 Dew amount from manual measurements and modeled by 
ALEX. SS represents the sunset on June 22 (1954 CST) and 
SR represents the sunrise on June 23 (0439 CST). 
When ALEX was run against manual measurements made during SMEX05, the accuracy 
was within that observed by Anderson et al. (2001) . Figure 4.4 is an illustration of the manual 
measurements and the modeled results from ALEX for this dew period. The reason for a lack 
of dew on this morning, although regional observations recorded clear skies all night, was that 
meaningful rainfall (>0.25 mm) had not fallen in the Ames area for several days. Also, the 
high temperature on June 22 was in the low 30s° C while the low temperature for the morning 
of June 23 was around 21°C (Figure C.1), thus preventing the canopy from reaching the dew 
point. 
Manual dew measurements ranged from just below 0.015 mm to as much as 0.025 mm, 
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with an error of approximately 0.0078 mm which is well within the ALEX's accuracy. ALEX, 
however, modeled a maximum dew amount of 0.007 mm with dry-off coming at 0600 CST 
(Figure 4.4). Dew duration is modeled well by ALEX as both onset and dry-off are predicted 
within half an hour of the leaf wetness sensors (Figure 4.5). 




















































































































Figure 4.5 Dew duration measured from leaf wetness sensors versus dura-
tion modeled by ALEX for the light dew period. Shaded boxes 
represent when the model and sensors were wet, unshaded boxes 
represent when the model and sensors were dry. 
Moderate Dew Day 
The best example of a moderate dew period was Day 169-170 (June 18 to June 19) in that 
the maximum dew amount collected was 0.11 mm. The moderate day was characterized by a 
leaf wetness duration of approximately 6 hours and wind speeds of around 2.5 m s-  l . Also, 
the relative humidity 2.5 m above the ground did not exceed 98°~o at any point during the dew 
period (Figure 4.6) . When compared to the light dew day, soil moisture was greater during 
the moderate dew period as it had rained 2 days prior (Figure C.2) . 
Temperatures surrounding the moderate dew period were different than that experienced 
during the light dew period. High temperatures the day before were in the mid-20s°C with 
overnight lows in the mid-teens° C (Figure C . l) . Since maximum and minimum temperatures 
approached the dew point during this period, dew was more readily able to form. This par-
ticular period is also modeled well by ALEX, as the measured values (also within the error 
bars) are very close to those modeled. The minimum value manually measured was 0.09 mm 
with a maximum of 0.11 mm. Error bars for this period are only 0.0043 mm from actual 





























































Figure 4.6 Dew characteristics from Day 170 (June 19). Represented are 
wind speed (m/s), leaf wetness duration (percent of hour wet), 
relative humidity (percent), and volumetric soil moisture. Leaf 
wetness duration is determined from the four leaf sensors on the 
east top (et), east bottom (eb), west top (wt), and west bottom 
(wb). 
ods as difrerences between modeled and manual measurements difrer only slightly. Figure 4.7 
illustrates how accurately modeled dew compares with manual dew measurements. In terms 
of the leaf wetness sensors, Figure 4.8 shows that dew onset is predicted very accurately; how-
ever, dew dry-off lasts approximately 1 hour past the leaf wetness sensors. Lau et al. (2000) 
found this same error when comparing the wetness sensors to manual observation. Wetness 
was present on the leaf for approximately 1.03 hours before and after the wetness sensor went 
dry. 
Heavy Dew Day 
Heavy dew was recorded on Day 182-183 (July 1 to July 2, 2005). This dew period was 
marked by a maximum amount of dew collected of 0.62 mm. The heavy dew period was 
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Figure 4.7 Dew amount from manual measurements and modeled by 
ALEX. SS represents the sunset on June 18 (1953 CST) and 
SR represents the sunrise on June 19 (0438 CST). 
characterized by a leaf wetness duration of approximately 8 hours with wind speeds at or 
below the critical value of 2.5 m s—l . Relative humidity during this period was also at a 
maximum, as values of humidity were at 100°0 (at 2.5 m above the ground) for approximately 
5 hours (Figure 4.9) . Although not graphed, it can be inferred that soil moisture was higher 
during this dew period than the moderate dew period as significant rainfall had been recorded 
in the Ames area 3 out of the previous 7 days prior (Figure C.2) . 
Also during this period, high and low temperatures were lower than both the light and 
moderate dew periods. Once again, the closer the air temperature gets to the dew point 
temperature, significant condensation can be expected. High temperatures the day before 
were in the mid-20s° C with the low temperature the next morning in the low to mid-teens° C . 
This period is also modeled accurately by ALEX. Although the first dew measurement of 
the morning is outside of the acceptable threshold, the remaining two dew measurements are 
well within the accepted ranges. Minimum measured dew was 0.38 mm while the maximum 
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Figure 4.8 Dew duration measured from leaf wetness sensors versus dura-
tion modeled by ALEX for the moderate dew period. Shaded 
boxes represent when the model and sensors were wet, unshaded 
boxes represent when the model and sensors were dry. 
measured dew was approximately 0.62 mm (Figure 4.10) . The maximum dew data point 
is questionable as Wallin (1967) cited that the maximum amount of dew recorded by other 
investigators was 0.54 mm. Wallin does not explain how dew was collected by this particular 
investigator, however the dew amount was recorded in a forest. 
Another possible reason for the first data point being so high could be leaf count. For 
instance, if 14 leaves were counted and actually the averages leaves per plant were 16, my 
calculations would report that there was more wetness per leaf with a count of 14 leaves than 
a count of 16 leaves. It is possible I did not count leaves on a plant that was representative 
of the dew collection area. Errors in dew measurement on this day were within 0.0083 mm of 
those measured. Except for the maximum data point, the rest of the dew period is modeled 
extremely well within the error parameters. Figure 4.11 shows that leaf wetness duration is 
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Figure 4.9 Dew characteristics from Day 183 (July 2). Represented are 
wind speed (m/s), leaf wetness duration (percent of hour wet), 
relative humidity (percent), and volumetric soil moisture. Leaf 
wetness duration is determined from the four leaf sensors on the 
east top (et), east bottom (eb), west top (wt), and west bottom 
(wb). 
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Figure 4.10 Dew amount from manual measurements and modeled by 
ALEX. SS represents the sunset on July 1 (1954 CST) and 
SR represents the sunrise on July 2 (0443 CST). 
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Figure 4.11 Dew duration measured from leaf wetness sensors versus du-
ration modeled by ALEX for the heavy devc~ period. Shaded 
boxes represent when the model and sensors were wet, un-
shaded boxes represent when the model and sensors were dry. 
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C]FIAPTER 5 CONCLUSION 
Dew formation in agricultural systems has a negative influence on crops in that many kinds 
of fungi and mold can develop due to the presence of dew. Accurate dew duration forecasts 
are in place for several different types of vegetation. This experiment was used to enhance 
two remote sensing soil moisture instruments. The dew collection done during SMEX05 has 
contributed to the validation of the Atmosphere-Land EXchange model, ALEX. Anderson 
et al. (2001) found that the ALEX model is accurate in predicting dew amount to within 0.05 
to 0.1mm of dew, and our research here has proven the same. SMEX05 was used for the 
enhancement of two remote sensing soil moisture instruments, while ALEX was used to model 
dew amount and duration in corn canopies throughout the Walnut Creek Watershed. 
Dew days were broken into arbitrary dew periods of "light" , "moderate" , and "heavy" dew, 
and were then modeled within ALEX to test its accuracy with varying amounts of dew. Several 
errors needed to be accounted for in the dew study. First, it was determined that there can 
be an addition or subtraction of vapor from paper towels depending on the environment they 
are initially exposed to and then the environment they are placed in. Errors in this case can 
be significant for lighter amounts of dew as an addition of 0.01 to 0.02 grams will impact light 
dew amounts more than heavy dew amounts. Another possible error is the over estimation 
or underestimation of leaf surface area. It was shown that on average a leaf area meter will 
underestimate leaf surface area as where a common computer scanner will overestimate area. 
By averages, the computer scanner had greater precision and accuracy than the leaf area meter 
and was used in find leaf surface area. 
Difrusion of water vapor to or from a sandwich bag presented another possible error. Plastic 
sandwich bags are not air tight and thus will not prevent water vapor from entering or leaving 
the plastic bag. Although this error maybe smaller in magnitude from the two errors mentioned 
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above, it must be considered. Lastly, when dew was collected from corn leaves, present would 
be a dirt patch on the paper towel. Dust would be present on the leaves and upon wiping the 
leaf of dew, the dust would be collected on the paper towel as well. Although the extent of 
this error is not known, future work can be done to quantify the error. 
While dew amount calculations are virtually non-existent in literature, I needed to be able 
to easily calculate dew amount. Initially, an area-based calculation method was developed 
taking into account row density, row spacing, and total number of leaves on plants. This method 
provided a solid initial approximation for the amount of dew collected in terms of water as a 
uniform thickness. For a comparison, an LAI-based calculation scheme was developed where 
leaf area index measured in the field was used. Leaf area index only takes into account one 
sided leaf area so measurements of LAI needed to be multiplied by two to yield a total leaf 
surface area. Both methods yielded similar results, and it is the recommendation of this study 
that an LAI-based calculation scheme be used as it is quicker and contains less human error. 
The hypothesis of this paper was that, indeed, ALEX does predict dew amount within the 
threshold set by Anderson. Upon obtaining critical information On the soil characteristics of 
the fields in which the dew collection took place, ALEX was found to accurately predict dew 
amount from SMEX05 measurements. 
The other hypothesis presented here was that ALEX would accurately predict dew onset 
and dry-off to within 30 minutes. The light and heavy dew periods were predicted accurately 
within 30 minutes. On the moderate dew day dew onset was predicted accurately but dew 
dry-ofl' was modeled within I hour of wetness sensors. 
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APPENDIx A STEPS TO FIND LEAF AREA 
In order to determine the area for each leaf, athree-step process must happen. This process 
was put together by personnel of the Hydrology and Remote Sensing Lab (HRSL) in Beltsville, 
MD. Most notable among these personnel were Dr. Cosh who oversaw the entire measuring and 
scanning process. The first step was to scan the corn leaf and save the image to a computer. 
Cutting the corn leaf into several pieces was the preferred method (Figure 3.8) to ensure that 
there was little overlap of the leaf pieces in the scanned image and that the entire leaf was able 
to be scanned. It was found that when the leaf count On one plant reached as many as 12 or 
13, three separate images were needed to capture the entire leaf. 
I scanned the pictures at either 300 or 600 dpi (dots per inch), depending on the desired 
picture clarity needed in analyzing the leaf area. I found that saving the images as an un-
compressed .tiff file provided the easiest conversion into Adobe Photoshop (Adobe Systems, 
Inc., San Jose, CA) .The second step was to convert the images from a color image to a black 
and white image. This was done with the following steps: first by opening Adobe Photoshop, 
clicking on file and open. Next, I found the file where the colored images were saved and chose 
them one image at a time to manipulate. The image was then converted to a gray scale image. 
Next, the gray scale histogram was centered around the shades of interest. This command 
set the high and low ends of the gray scale and gave a better refinement later in the process 
when doing the thresholding command. The last major step was to change the image size from 
300-600 dpi to 92 dpi. It was determined that 92 dpi was the best trade-off between file size 
and accuracy. Finally the picture was saved and the file closed. 
The third step involved a program called Scion Image (Scion Corporation, Frederick, MD) . 
The grayscale images were found by clicking the file menu and pressing open. The next step was 
to click the analyze header and click options. The next step included clicking Off the density 
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checking and pressing ®K, then selecting the analyze header again and clicking calibrate. 
Under "units of measure," typing 92 and pressing enter were the next steps. In order to clear 
debris from the grayscale image, clicking the options header and choosing threshold brought 
up a scale on the left hand side of the screen. To decrease the amount of debris, moving the 
up or down accomplished this. 
To be able to save this image, clicking on the options header, dragging the mouse to 
"binary" , then following the arrow to and clicking "make binary" was done. The final steps in 
the process enabled us to be able to find the area of the leaf. This was done by clicking the 
analyze header again and clicking analyze particles. To display the area, clicking once again 
on the analyze header and selecting "show results" displayed the area (in square inches) of the 
different particles from the image. The program did not add the areas of the image for the 
final area calculation, so this was done manually. It was found from experience that particles 
measuring less than or equal to 0.01 in2 were debris that should not be used in the total area 
calculation. 
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APPENDIX B DATA TO BE ENTERED INTO SPREADSHEET 
Table B.l Example of the data recorded in a spreadsheet during SMEX05. 
Variable Units Equation to find Variable 
year 





crop height inches 
# leaves on one plant 
planted row spacing inches 
LAI 
Row density # of plants within 36" 
row 
Time of day 
collar bag # 
collar wet mass 
collar dry mass 




grams wet mass -dry mass 
top leaf bag ~ 
top wet mass grams 
top dry mass grams 
top water mass grams 
bottom leaf bag number 
bottom wet mass grams 
bottom dry mass grams 
bottom water mass grams 
wet mass -dry mass 
wet mass -dry mass 
total leaf water grams collar water mass -{- top water mass 
+ bottom water mass 
leaf surface area cm2
total leaf wetness kg m-2 (row density/36)*(1/row spacing)* 
(39.372 ) * (total leaf water) * (# leaves) 
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Daily Maximum and Minimum Temperatures During SMEX05 





164 166 168 170 172 174 176 178 180 182 184 
Day of Year 
Daily high and low temperatures from the Ames Airport during 
SMEX05. The airport is located 6.4 km (4 miles) NE of WC10 
and 12 km (7.5 milies) NE of WC52. The temperature and 
relative humidity probe described in Chapter 3 is used at this 
site. 
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Daily Rainfall During SMEX05 
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Figure C.2 Daily precipitation totals from the Ames Airport during 
SMEX05. The Texas Instruments tipping bucket rain gage 
described in Chapter 3 is used at this site. 
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APPENDIX D CORN HEIGHT AND LAI 
WC10 Com Height and LAI 
168 170 172 174 176 
Day of Year 
178 180 182 184 










WC52 Com Height and LAI 
172 174 
Day of Year 
176 178 
Figure D.2 Corn height and LAI at field WC52 over SMEX05. Height is 
in meters. 
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APPENDIX E DAY OF YEAR CONVERSION CHART 
Day of Year Calendar Day 
164 June 13 
165 June 14 
166 June 15 
167 June 16 
168 June 17 
169 June 18 
170 June 19 
171 June 20 
172 June 21 
173 June 22 
174 June 23 
175 June 24 
176 June 25 
177 June 26 
178 June 27 
179 June 28 
180 June 29 
181 June 30 
182 July 1 
183 July 2 
184 July 3 
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